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SFF~CTS OF T:C:~PE!l.ATURE AND !NTEl'ISITY ON THERMODY~IAl1IC LIMITS FOR EFFIC[ENCIES OF PHOTOCHEMICAL 
CONVERSION OF SOLAR ENERGY 

Rosemary v. Bilchak and John S. Connolly 
Chemical and Biological Conversion Division 

Solar :::nergy Research Institute* 
Golden, Colorado 80401 U.S.A. 

l, I:ITRODUCTION 

The subject of thermodynamic limits on photo­
chemical conversion of light to work has been 
of considerable interest for over twenty 
years. Recently, Ross and Hsiao (1) calcu­
lated .quantum conversion efficiencies for 
solar radiation at air mass zero (AMO). 
Bolt">n (2) later extended this treatment to 
A'11.2 solar flux and also considered some 
kinetic as well as thermodynamic limita­
tions. In this paper we apply these methods 
to a variety of solar intensities and absorb­
er temperatures. !le also examine improve­
ments in efficiency which can be obtained by 
using systems with several absorbers of dif­
ferent effective band-gap wavelengths. The 
results, which are applicable to photovoltaic 
as·~-ell.as to photochemical and photobiologi­
cal conversion devices, represent absolute 
(i.e., ldeal) upper limits on conversion ef­
ficiencies, analo~ous to Carnot efficiencies 
of heat en~ines. 

All direct (i.e., quantum) conversion devices 
:ire threshold devices in that only photons 
with wa•,elengths up to that of the band-gap 
can ~e absorbed and converted to useful 
work. '.<e assume that the excited electronic 
state created by absorption of a photon, 
whether in a semiconductor or in a photo­
chemical s.istem, has a sufficiently long 
lifetime (> ~s) that the excited state 
'aoc.om.is t'"var-nally P'ln1Hhrated \Ji1;h its 
environment. This assumption carries two 
consequences: first, the energy of the 
photon in excess of the band-gap is lost as 
heat; :ind second, the excited state loses all 
":nemory" of the nature of the exciting radia­
:ion. Hence, only the flux of the absorbed 
photons is imoortant. 

'.·le have also carried out calculations for 
t-..io-photon processes (i.e., t•.;o discrete 
absor~ers) over a limiced range of 
t~np~rAture-incenstcy combinations. Finally, 

*A division of '-!icl•.est Research fostitute, 
J,ieo.ted for the \J,S, Dep:irtmenc 0f Energ1 
~nder Contr;ct ~r.-77-C-01-4042, 
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we have extended the treat::ient to calculate 
the optimum wavelengths for multiphoton cases 
( 3 < n < 8) at fixed temperature and inten­
sity. 

2. METHOD 

The equations derived by Ross and Hsiao (l) 
were incorporated into a BASIC software rou­
tine written for the Hewlett-Packard 9845-S 
desk-top computer system. The program was 
configured for variat.i.on of solar intensity 
from 1 to 104 suns at decadic intervals and 
absorber temperatures from 300 to 500 K in 
50 K steps. As in Bolton's studies (2), the 
solar flux data of Boer (3) ( . .\ML2, "T/S") 
were used for all of these calculations. It 
should be noted, however, that Boer's spectra 
were computed using water-vapor absorption 
data which conflict with more recent models 
(4). This discrepancy creates a problem in 
the calculated solar spectrum in the region 
between 850 arid 900 nm. Unfortunately, no 
reliable experimental solar spectra are cur­
rently available for comparison, so we have 
assumed that Boer's data yield a reasonable 
approximation to an Af!l • 2 solar s pee t rum. 

The maximum fraction of solar po~er which can 
be converted to chemical energy (n ) is the 
optimal energy storage rate (Eq. 1:f, Ref. 2) 
dlvided by the incident power integrated over 
the total solar spectrum. From these rela­
tionships, one can dei'tve the fum.:Ci•)oal 

~~~=~den;:e 0e~f;gts0 nof intC:ensseit;ar::!t!:;p:::: 
calculated for t,10-photon systems using the 
same assumptions as Bolton (2) for perfect, 
discrete absorbers. For each factor of 10 
increase in solar intensity, •.;e a11,bitrarily 
chose a 50 K temperature increment, usin~ 
initial values of l sun and 300 K. 

Starting at 300 nm, the ,..,avelengths of the 
first (>- 1) and second p, 2) photons were in­
cremented according Lu tlte Ooer 3pcctru;n (3) 
through 1500 nm, with the constraint >- 2>>. • 
The output consists 0f the wavelengt\is tor 
both photons and the ~orresponding power ef­
ficiencies (~ ) • For the 'llultiphoton cal­
culations, th~ method of Davi.don (5) far 
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opti:11izatlor. of a smooth function involving 
:nany ?arameters was programmed into a CDC 
Cybe r 170/ 7 20 computer, The program yields 
;.,a'l.(elength combinations for up to 8 photons 
that opti:nize the fraction of solar power 
which can be converted, For these calcula­
tions, the intensity and temperature were 
held constant at 1 sun and 300 K, respec­
tively, As in the case of the single-photon 
cal::ulations for these same conditions, our 
multiphoton results agree with the corre­
sponding calculations of Bolton (2), 

A word of caution in interpreting results 
from this program: The optimization routine 
finds only local ,naxima and is thus extremely 
sensitive to the starting conditions, espe­
cially for n > 5, The dimension of the opti­
:ni?.ation search is given by the number of 
photons, and each added dimension increases 
the "noise" in the area of the absolute maxi­
mu:n, .\ccordingly, for each value of n > 5, 
,..,e carrier! out 4-5 optimizations with varying 
initial parameter estimates and chose from 
these the ;ravelength coinbination yielding the 
highest value of np' 

3, RESULTS ANO OtSCUSSION 

3 .1 Temperature-Intensity Combina·tions 

In general, the calculated thermodynamic 
(i.e., power) efficiencies for single-photon 
processes are a linear function of the 
log,irithm of intensity at constant 
:emperature and decrease linearly with 
increasing temperature at fixed intensity 
(Table 1), The advantage of utilizing 

TABLE 

~aximum Thermodynamic Efficiencies (single­
photon) for A-"H .2 Solar Radiation at Various 
Intensities and Absorber Temperatures 

(>, = 840 nm) 

Intensity 
Absorber Temperature (K) 

(suns) 300 350 400 450 500 

32.3 30.2 28.1 26.1 24.0 
lQ 34.l 32.3 30.5 ZB, 7 26.9 
102 35.9 34.4 32.8 31.3 29.8 
103 37.7 36.5 35.2 34.0 32.7 
11)4 39.5 38.5 37.6 36.7 35.7 

concentrators for single-photon conversion 
devices to increase the intensity of incident 
ra·Eation wUl 'Je directly affected by the 
tempera~:n·.-! l:1crease incurrerl in the process; 
·,er.-:e, if che l:1te11sity were increaGcd by a 

factor of 103 , the net gain in theoretical 
efficiency would be negligible if the 
absorber temperature were on the order of 
500 K, 

3.2 Two-Photon Svstems 

As shown by Bolton (2), absorption of mul­
tiple photons of different wavelengths can 
also increase the theoretical power effi­
ciency of a quantum conversion device. 
Table 2 lists the effective wavelengths for 
maximum np with varying temperatures and 
intensities, Rnd illustr,ites thqt th~ opti~al 
wavelength combination for the two effective 
bandgaps is relatively insensitive to either 
absorber temperature or incident solar 
intensity, The maximum efficiency, however, 
is more strongly dependent on intensity than 
on temperature, at least for the limited 
range of conditions examined, As in the case 
of single band-gap systems, our calculations 
show that each 50 K temperature increment 
offsets the efficiency gain of a 10-fold 
increase of intensity, It would be 
interesting to extend this study to actual 
values of absorber temperatures experienced 
under concentrated solar radiation. 

TABLE 2 

Ther~odynamic Efficiencies for Optimal 
Combinations of Two Absorber Wavelengths at 

A:11,2 

Intensity Temperature 
(suns) (K) 1 1 (nm) 

300 
350 
400 
450 
500 

722 
722 
722 
722 
722 

3.3 MultiphuL,lu Svstern~ 

Efficiency 
1 2 (nm) np (%) 

1318 
1325 
1325 
1327 
1339 

43.6 
43.6 
44.6 
46.4 
49.3 

The results of the ootimization routine have 
been listed (Table 3i to illustrate the ef­
fect of the number of photons on the band-gap 
wavelengths and net power efficiency, 
Because the optimization routine does not 
calculate absolute maxima, there may be minor 
fluctuations in computed wavelength combina­
tions and corresponding changes in efficien­
cies for higher order (i.e., n > 5) calcula­
tions, depending on the initial conditions, 
:towever, the ,ibsoh,t~. maici.ma for the:,e cases 
need not be determined to exhibit the trends 
within the total data array. For instance, 
there exist? a max:imur.i n.R which appears to 
be -60%, a value whkh is approached 
asym!)totically with increasing number of 
photosystems (7igure l), 
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Fig. l, Theoretical power efficiencies (np) 
for 1-8 ideal photosystems, 

These data suggest that in a functional 
device there wi 11 be a trade-off, probably 
around 2-4 photosystems, between the complex­
ity imposed by an additional absorber and the 
net gain in efficiency. 

Table 3 

Opti111ur.1 Wavelength Combinations and Corre-
. spondi,,g Thermodynamic E.fficiencies 

( Al11. 2, 300 K) 

n Optimur., tfavelengths (nm) np (%) 

843 32.3 

2 722 1318 43,6 

3 581 836 1333 49.7 

4 510 669 853 1340 52.6 

5 505 '649 831 1081 1355 54.4 

6 490 620 778 997 1189 1368 54.9 

7 479 583 715 840 1024 1187 1378 56.2 

8 436 ;1a 611 /lY 85,! lUYU l :.!61! 1.397 57.0 

As the nu::iber of photosystems is increased, 
there is a strong '!:>lue shift in the optimal 
wavelength of the first photon. This is not, 
however, the case for the wavelength of the 
last oho ton ( >.n), which shows only a slight 
re~ shift from 1318 to 1397 ::un on progression 
from 2 to 8 photons. A comparison of the 
data in Table 3 with the solar spectrum 
(F~g. ~) prnvi1IP11 a 1nglr.al explanation for 
the ~inimal trend in An; for wavelengths 
longer than about 1380 nm, atmospheric condi­
!:i.ons attenuate the photon flux, thus pre­
cluding the possi.hility of further energy 
~ai!l with increasing wavelength. 

~a.s 
~ 
0 
II 
ca. en 

Fig, 2, Solar emission spectra at AMO and 
AMl,2 (after Boer, Ref, 3), 

Ireland, et al. (4) have treated the case of 
cascaded cells (n • 2,3,5,7), each with a 
discrete, narrow spectral response, and have 
clllcnlated the maximum efficiencies as a 
function of the lowest band-gap energy, 
Although the calculated maxima were not 
presented, their graphical results (which 
were based on an assumed quantum efficiency 
of O .9 as contrasted with 1,0 which we have 
assumed here) are in reasonable agreement 
with our data, 

4, CONCLUSIONS 

These multiphoton efficiencies represent 
theoretical thermodynamic limits which can be 
approached only with power conversion systems 
such as cascaded photovoltaic devices, The 
optimum wavelengths reported here should be 
useful in the desig!l of such cells (6), In 
photochemical systems, for which energy 
storage is an important criterion, the 
optimum wavelengths and theoretical limits 
will differ considerably from the values 
listed in Table 3, As !lolton (2) has shown, 
the inherent chemical efficiency of a single­
\Ja111.lgaµ 4uautu1i1-coo.vc:i:$iOll device lllUOt be 
lower than the corresponding power 
efficiency. In addition, preliminary 
calculations on the storage efficiency of 
two-photon systems show that the effective 
band-gaps are significantly blue-shifted, 

To date, our calculations have considered 
only A;.'11,2 solai: flux data, For higher air 
mass, we anticipate further decreases in 
theoretical efficiencies accompanied by 
spectral shifts of the optimal ,,,ave lengths, 
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